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Pumping-induced normal fault reactivation and the resultant ground fracture have
been observed in faulted basins worldwide, but the process and mechanism are
poorly understood thus far. In this study, we conducted centrifuge model tests to
investigate and analyze these issues. Two simplified faulted models, Models 1 and
2, were developed based on an actual event that occurred in the Beijing Plain,
China. Our model tests reproduced the pumping-induced normal fault
reactivation, characterized by localized hanging wall subsidence with new fault
scarp formation in the models. The monitoring results showed that water table
decline drastically accelerated uneven subsidence. Although the deformation
pattern did not respond to variations in the material properties of the hanging
wall and footwall, the magnitude of the reactivated normal faulting was
influenced. The maximum vertical offset in Model 2 was much larger than that
inModel 1 due to a larger compressionmodulus in the hangingwall and footwall in
Model 2. Furthermore, the reactivation mechanism was revealed based on
Anderson’s faulting theory. Normal faulting occurs once the maximum
principal stress becomes vertical and the intermediate and minimum principal
stresses become horizontal. Groundwater pumping increases the effective stress,
leading to the addition of vertical stress and the resultant normal fault reactivation.
Our findings provide a better understanding of human interactions with the Earth’s
surface and are helpful for mitigating faulting-caused disasters.
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1 Introduction

Fault creeps endangers buildings, roads, tunnels, and other essential infrastructures that
cannot accommodate fault motion. Wu et al. (2004) documented that a 150-m long road of the
Golmud-Lhasa Highway across the Tibetan Plateau was destroyed by fault creep of the normal
SouthAndo fault with 20-cm vertical offsets. Similar serious damage caused by continuous strike-
slip faulting and thrusting has also been reported in the literature (Azzaro et al., 1998; Lee et al.,
2003; Carpenter et al., 2011; Harris, 2017; Yan et al., 2021). It is believed that fault creep can be
reactivated by human activities (Gupta, 2002; Donnelly, 2009; Davies et al., 2013; Lamontagne
et al., 2018; Passelègue et al., 2018; Peng et al., 2020). In the faulted basin of Querétaro, Mexico, at
least 16 casings of pumping wells were ruptured along pre-existing normal faults in a 10-year
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period without seismic events (Carreon-Freyre et al., 2016). Many
ground fractures and ruptures, or so-called earth fissures, occurred,
accompanying substantial differential subsidence and dislocated
infrastructure. Accordingly, Ochoa-González et al. (2018) conducted
a three-dimensional numerical analysis to analyze the formation
mechanism of ground fractures occurring in the Querétaro basin,
and their results proved that pumping-induced piezometric declines
triggered fault reactivation.

Similar land deformation patterns have occurred in the northern
Beijing Plain, China, where several Cenozoic normal faults lie beneath.
The Gaoliying and Shunyi earth fissures, as shown in Figure 1,
accompanying the pumping-induced land subsidence, vertically
dislocated the ground surface (Wan et al., 2020). They are distributed
along the shallowly buried normal faults in a 7- and 13- km long zones,
respectively, and the maximum vertical offset is approximately 30 cm.
Thus,many buildings, roads, and an international airport constructed on
earth fissure zones have been continuously damaged for decades. Our
previous study (Wan et al., 2021) analyzed the formation mechanism of
the Shunyi earth fissures and found that the deformation pattern of the
new earth fissures is inherited from the pre-existing normal fault. The
localized surface faulting, represented by the earth fissures and related
differential subsidence, may suggest partial reactivation of the pre-
existing normal fault. This argument was supported by Zhou et al.
(2022) using high-resolution interferometric synthetic aperture radar
(InSAR) and numerical modeling. However, the entire process of fault
reactivation due to groundwater overexploitation is poorly understood
thus far.

Theoretical analysis, numerical simulation, andmodel test methods
were applied in the evaluation of the characteristics and failure

mechanism of materials (Song et al., 2021a; Song et al., 2021b;
Wang et al., 2023; Zhou et al., 2023). In contrast, centrifuge model
testing is a more practical approach to exploring and analyzing the
deformation behavior of materials subjected to stress change (Meguid
et al., 2008; White, 2008). It technically enables small-scale models to
feel the same stress field as a full-scale prototype since the external
acceleration field is specified times greater than the gravitational
acceleration. This method has been used in some studies of faulting-
induced ground surface deformation (Tali et al., 2019; Sabagh and
Ghalandarzadeh, 2020; Song et al., 2021c) and pumping-induced
subsidence (Cui and Tang, 2010; Rincón et al., 2020). However,
previous test cases did not research the deformation behavior of an
aquifer system containing a pre-existing fault under the effects of
groundwater withdrawal.

This paper aimed to study the pumping-induced aquifer system
deformation and consequent fault reactivation using the centrifuge
model test method. Two physical models representing faulted
aquitards and aquifers were constructed to evaluate the effects of
the hydrogeological conditions on fault reactivation. The aquitards
were purely made of clay, whereas the aquifers were composed of
sand. The pre-existing fault zone was considered a mixed material.
For model construction, the real case that occurred in the faulted
land of the Beijing Plain, China, was referred to. We monitored the
pore pressure variations, displacement field, and model deformation
process and conducted a comprehensive analysis based on the
monitoring data derived from the two model tests. The study
results can provide a better understanding of the interaction
between the Earth’s surface deformation and human activities,
which is helpful in mitigating faulting-caused disasters.

FIGURE 1
(A) Distributions of the Gaoliying and Shunyi earth fissures in the Beijing Plain, China. (B) An 8.4-m deep trench in Xiwanglu village, revealing recent
normal faulting across the Gaoliying fissures. The picture was derived from a report available to the public (Beijing Hydrogeological and Engineering
Geological Survey, 2007). (C,D) Photos of the Shunyi earth fissures with uneven subsidence, taken on 15 March 2017.
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2 Methodology

We chose the centrifuge model test method and constructed two
centrifuge models based on different Quaternary aquifer systems to
display the large-scale land surface deformation process in a small-
scale model and in a relatively short time. Centrifuge modeling is an
advanced physical modeling technique for tackling complex
geotechnical problems. It was first proposed by French engineer
Édouard Phillips in 1869 and initially applied to study various
geotechnical problems in the 1930s (Craig, 1989; Charles, 2014).
After rapid development, the centrifuge model technique was
generally well accepted in the geotechnical society. In the
geotechnical centrifuge model test, a small-scale physical model
can experience an elevated acceleration caused by centrifuge
rotation to eliminate the weight loss effects due to the shrunken
scale. Namely, the stress state of the 1/n scaled model is consistent
with that of the prototype when the centrifugal acceleration reached
n times the gravitational acceleration.

The centrifugal acceleration ng is related to the centrifuge
rotation speed, as presented in Eq. 1.

ng � rω2 (1)
where r and ω are the radius and angular velocity of the beam,
respectively. Based on the well-known equivalence principle
developed by Albert Einstein, the physical behavior of the model
under gravity is equivalent to that of the prototype under the
centrifugal force. Thus, we can use the geotechnical centrifuge
model test method to study the geotechnical problems of the
prototype, provided that the centrifuge machine provides sufficient
centrifugal acceleration.

Previous studies (Taylor, 1995; Garnier et al., 2007) have made a
detailed inventory of the scaling laws for the geotechnical centrifuge
model test. Some scaling factors used in this paper are summarized
in Table 1, given that the centrifugal acceleration is ng. This table

shows that centrifuge modeling effectively reduces the model size
and substantially shortens the test time (consolidation time).

3 Model preparation

3.1 Model test apparatus

The test facility employed in this paper was a large beam
geotechnical centrifuge belonging to the Changjiang River
Scientific Research Institute, China. It was established in
2009 and has been applied many times to address various
geotechnical problems (Feng et al., 2013; Li et al., 2016; Zhang
et al., 2021). This centrifuge facility essentially consists of a data
acquisition panel, a beam with a radius of 3.5 m, a motor axis, a
counterweight platform, and a modeling box platform (Figure 2A).
The capacity and the maximum acceleration of the centrifuge can
reach 200 g-ton and 200 g (where g is the gravitational acceleration),
respectively. During the tests in this paper, the centrifugal
acceleration was incrementally increased up to 100 g.

The modeling box used for the tests had dimensions of 1 m ×
0.8 m × 0.4 m in length, height, and width. It was mainly made of
thick high-strength stainless steel plates, except for the front wall
containing a transparent plexiglass plate so that the internal
deformation of the model materials could be directly observed
(Figures 2B, C). Tank 1, with a volume of 0.06 m3, was situated
at the bottom of the box for water storage (Figures 2C, D). A water
inlet, controlled by a solenoid valve, and an air outlet, connected
with a long tube, were set on the top of Tank 1. Using Tank 1 and the
valve, we could electrically control the water table decline in the
model during the test. Tank 2, with a volume of 0.024 m3, was placed
on the left side of the modeling box for water pressure observation
andmonitoring (Figures 2C, D). Two rows of small holes were set on
the bottom of the right wall of Tank 2, enabling water inflow and
outflow.

3.2 Model test design

For model construction, the geological conditions of the faulted
land in the Beijing Plain, China, were referred to, where two groups
of earth fissures, accompanying pumping-induced Quaternary
aquifer system compaction, vertically dislocated the ground
surface along the pre-existing normal fault (Wan et al., 2020;
Wan et al., 2021). Then, we designed two simplified models in
this paper, Models 1 and 2 (Figure 3A), to compare and analyze the
deformation processes of faulted lands within different types of
Quaternary aquifer systems under the effects of water table decline.
They represented faulted aquitards and aquifers, respectively. The
aquitards were purely made of clay, whereas the aquifers were
composed of sand. The pre-existing fault zone was considered a
mixed material that consisted of clay and sand in a 1:1 dry mass
ratio. It had a permeability coefficient between that of clay and sand
and a lower compression modulus than all surrounding soils (Caine
et al., 1996; Faulkner et al., 2006; Wan et al., 2021). The properties of
the fault zones in the two models were essentially identical.

Both Models 1 and 2 were 0.9 m × 0.45 m × 0.4 m in length,
height, and width. The pre-existing fault zone was set in the middle

TABLE 1 Scaling factors in the geotechnical centrifuge model test.

Parameter Scaling factor (model/prototype)

Acceleration n/1

Displacement 1/n

Length/Width/Height 1/n

Area 1/n2

Volume 1/n3

Density 1

Mass 1/n3

Volumetric density n

Force 1/n2

Stress 1

Strain 1

Hydraulic gradient 1

Consolidation time 1/n2

Permeability coefficient n/1
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with a dip angle of 70°, indicating that the model soils had been
faulted. The top of the model was a flat surface before testing began.
The fault zone width was set as 10 cm and enlarged to 10 m after the
centrifugal acceleration reached 100 g, according to the scaling
factor shown in Table 1. For the same reason, after the
acceleration increased to 100 g, the size of Models 1 and
2 became 90 m × 45 m × 40 m.

3.3 Measurement and monitoring system

During the model test, water pressure, displacement, and
deformation features were measured or monitored for further
analysis. The water pressures at different positions were
monitored by five miniature pore pressure transducers. Four
transducers were buried in the fault zone at heights of 0–30 cm
with a vertical spacing of 10 cm, and the other was at the bottom of
Tank 2. From the front view, the displacements of the model
materials were measured using wooden displacement markers
buried in the soil, together with measuring tape pasted around

the plexiglass plate on the front wall. Both the horizontal and vertical
spacings of the displacement markers were 5 cm. The vertical
displacements of the top surface were also monitored by seven
laser displacement sensors installed above the model box. Both the
water pressure and laser displacement sensor values were recorded
once per second. The deformation phenomenon was observed using
two high-definition digital cameras from the top and front views. A
data acquisition system affiliated with the beam geotechnical
centrifuge automatically recorded these monitoring results. The
layout of the measuring and monitoring devices is shown in
Figure 3B.

3.4 Soil properties

We designed two test models (Models 1 and 2) in this paper
based on the real geological conditions in the faulted land of the
Beijing Plain, China, which mainly consists of clays and sands. The
materials used in Models 1 and 2 represented faulted aquitards and
aquifers, respectively. According to our previous field investigation

FIGURE 2
Geotechnical centrifuge and model box used in this paper. (A) Overview of the centrifuge. (B) Front side of the box. (C) Open top. (D) Perspective
view of the model box and critical components.

FIGURE 3
Design of Models 1 and 2 in the test. (A)Conceptual models. (B) Layout of themeasurement andmonitoring system. The initial water table was at the
height of 35 cm. The blue arrows indicate the direction of the water flow since the testing began. From left to right, the laser displacement sensors were
coded LD1~LD7 in sequence. Pore pressure transducers in the fault zone were coded PP1~PP4 along the upward direction, while that in Tank 2 was PP5.
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results (Wan et al., 2020; Wan et al., 2021), the aquitards were purely
made of clay, whereas the aquifers were composed of sand; the pre-
existing fault zone was considered a mixed material.

We used clay and sand to construct the physical models in the
centrifuge model test, as shown in Figure 3A. Most of the clay
particles had a size of less than 0.002 mm. The maximum dry unit
weight of the clay was 1720 kg/m3 with respect to the optimum
water content of 17%. The sands in the model test were natural
river sands screened to sizes in the range of 0.35–2 mm. The pre-
existing fault zone was created by clays and sands mixed in a dry
mass ratio of 1:1.

The model materials were compacted layer-by-layer at a unit
thickness of 5 cm in the model box. Their compaction degree was
limited to a certain extent to protect the devices, transducers,
sensors, and wires from damage caused by the compacting
hammer. Note that the compaction degree of the pre-existing
fault zone was relatively low to ensure that it had a smaller
compression modulus than the surrounding soils. The properties
of the three types of compacted model materials are listed in
Table 2.

4 Test procedure

Two centrifuge model tests were conducted to simulate the
process of pumping-induced normal fault reactivation in the faulted
Quaternary aquifer system. They had broadly similar procedures,
including the following key steps:

1) Check all required equipment, devices, wires, soft systems, and
materials before model testing.

2) Compact the soil layers of 5 cm thickness in the model box using
a calibrated steel hammer. Scratch each layer surface before the
next layer is laid to improve the homogeneity. Bury the wooden
displacement markers and pore pressure transducers. Soak the
soils below a height of 35 cm (Figure 3B).

3) Put the modeling box and counterweight onto the platform of the
geotechnical centrifuge (Figure 2). Install the laser displacement
sensors and digital cameras according to the model test design
(Figure 3B). Connect the transducers, sensors, and cameras to
the data acquisition panel of the centrifuge.

4) Start the centrifuge and incrementally increase the centrifugal
acceleration. Maintain the rotation speed of the centrifuge once
the acceleration reaches 100 g.

5) After the initial deformation caused by the acceleration increase
becomes stable, turn on the valve (Figure 2) to cause a water table
decline. The model test can be ended when the model
deformation has essentially ceased.

5 Results and analysis

5.1 Model 1

During the test, the centrifugal acceleration was incrementally
increased in five stages: 20 g, 40 g, 60 g, 80 g, and 100 g. The next step
was started when themodel deformation was overall stabilized. After
the acceleration reached 100 g, the centrifuge kept rotating at a
constant angular velocity until the test ended. The time when the
acceleration of Model 1 reached 100 g was 2,117 s, and the whole
duration of the test was 3,613 s. At 2,350 s, the water inlet valve of
Tank 1 was turned on. Then, water stored in the model soils flowed
downward into Tank 1, and consequently, the water table declined
from the height of 35 cm, representing the process of groundwater
exploitation.

The monitoring results of the pore pressure transducers in
Model 1 are shown in Figure 4. The PP1~PP4 transducers were
buried in the fault zone in sequence at heights of 0–30 cm with a
vertical spacing of 10 cm, and PP5 was immersed in pure water in
Tank 2 (Figure 3B). The change in the pore pressure is affected by
the centrifugal acceleration and water table decline according to the
classical fluid pressure equation considering the scaling factor
(Table 2) as follows:

P � ρah, (2)
where P is the pore pressure, ρ is the density of the liquid, a is the
vertical acceleration (a=1 g when it is the gravitational acceleration),
and h is the depth of the liquid. As shown in Figure 4, the pore
pressures from the PP1~PP5 transducers incrementally increased
before the centrifugal acceleration reached 100 g (t=2,117 s), which
agreed with the five increasing stages of centrifugal acceleration. The
pore pressures became 343 kPa, 245 kPa, 147 kPa, 49 kPa, and
343 kPa when the time was 2,117 s. However, pore pressures in
the model (PP2~PP4) decreased more or less during every rotation
stage with certain constant speeds before the water inlet valve was
turned on. PP4 had the most drastic decrease, while PP2 had the
slightest decrease. This was caused by some water stored in the
shallow layers flowing toward the free surface (upward) during the
compaction of unconsolidated model soils.

During the centrifugal acceleration maintained at 100 g, the pore
pressures decreased mainly following the water table decline after
t=2,350 s. The rate and degree of the decrease in pore pressures were
governed by the location in the faulted clayey model. The pore
pressure recorded by the PP1 transducer, buried at the bottom of the
model soils and close to the water inlet valve, decreased at the most
rapid rate. In contrast, the PP4 transducer buried adjacent to the
model top had an evident pore pressure decrease but at a slow pace.
The decreasing rates of the pore pressures slowed with time

TABLE 2 Properties of the model materials.

Material Dry density
(kN/m3)

Compression
modulus (MPa)

Poisson’s
ratio

Permeability
coefficient (cm/s)

Void
ratio

Cohesion
(kPa)

Angle of internal
friction (°)

Clay 14.31 2.8 0.39 4.3×10−6 1.08 13 12

Sand 15.39 5.9 0.28 7.8×10−4 0.73 — 29

Fault zone 13.52 2.1 0.35 1.2×10−4 1.12 9 17
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(Figure 4). At 2,878 s, the transient decreasing rates of pore pressures
of PP1~PP4 became 0, 0.02 kPa/s, 0.02 kPa/s, and 0.01 kPa/s,
indicating that the pore pressure dissipation process tended to
stop. Due to the low permeability of the clayey materials
of Model 1, the pore pressures did not entirely dissipate at the
test end.

As shown in Figure 5, every layer of Model 1 evidently deformed in
the centrifuge model test. The surface subsidence was 1–3 cm, which
was calculated using the measuring tape with wooden displacement
markers. The deformation was caused by the compaction of
unconsolidated soils due to the vertical effective stress increase,
according to Terzaghi’s effective stress principle as follows:

σ′ � σ –P, (3)
where P is the pore pressure, σ′ is the effective stress, and σ is the
total stress. The total stress σ can be understood in terms of σ � ma

A in
the conventional vertical consolidation theory of Jacob-Terzaghi
(Terzaghi, 1925; Jacob, 1940), where m is the total mass, a is the
acceleration, and A is the area. By combining Eqs 2, 3, the effective
stress positively correlates with the acceleration.

The most intense compaction occurred in the pre-existing fault
zone, leading to the upper and surrounding areas dramatically
deforming. The deformation pattern of the soils was three-
dimensional but was dominated by subsidence. In addition, a
small amount of horizontal movements toward the fault zone
occurred in both the hanging wall and footwall. On the model
surface, a localized subsidence area covering an area of 40 cm ×
40 cm formed along the pre-existing fault zone and largely on the
hanging wall (Figures 5C, D). The largest subsidence was
approximately 3 cm, measured using the measuring tapes pasted
on the model box. A 25-cm-long ground rupture, or earth fissure,
formed accompanying the uneven subsidence along the left
boundary of the localized subsidence area adjacent to the fault
zone (Figure 5D). The new rupture and localized subsidence on
the right side were controlled by the pre-existing fault zone. This
uneven deformation pattern in the model indicated that the pre-
existing fault was reactivated to a certain extent. These findings
agreed with our previous numerical simulations regarding the
Shunyi fissures (Wan et al., 2021). Moreover, several short cracks
with different shapes and trends formed close to both edges of the

FIGURE 4
Variation in the centrifugal acceleration andmonitoring results of the pore pressure transducers. The locations of the PP1~PP5 transducers in Model
1 are shown in Figure 3B.
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localized subsidence area. Such cracks have been widely observed in
groundwater-overexploitation-induced subsidence areas (Galloway
and Burbey, 2011; Gambolati and Teatini, 2015; Peng et al., 2020).

The complete process of subsidence and rupture formation in
Model 1 was recorded by two digital cameras from the front and
top views. The screenshots of the video at the moments before the

FIGURE 5
Deformation and failure patterns of Model 1. (A,B) Model 1 before the centrifuge model test. (C,D) Model 1 after the centrifuge model test.

FIGURE 6
Monitoring results of two high-definition digital cameras from the front and top views of Model 1. L0~L7 and LA~LB on the images are the codes of
the horizontal reference lines. LD2~LD5 are the codes of the laser displacement sensors, and the red dots mark the monitoring locations.
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groundwater declined (t=2,349 s) and when the test ended
(t=3,613 s) were selected in the detailed analysis. As shown in
Figure 6, ground rupture controlled by the pre-existing fault zone
formed, accompanying the uneven model deformation, before
the water inlet valve was opened. After the valve was opened
(t=2,350 s), the uneven deformation of Model 1 was supposed to
be intensified due to the water table decline and the consequent
effective stress increase, according to conventional consolidation
theory. We drew several reference lines on the screenshot images
to observe the uneven deformation pattern during this period
(Figure 6). The images from the front view showed that the
increased subsidence had a degree of less than 1 cm, and the
shallow layers had relatively more significant deformation,
measured using the L0~L7 lines. From the top view, the
displacements relative to the LA and LB lines indicated that
the hanging wall subsided more evidently. These monitoring
results displayed the process of pre-existing normal fault
reactivation, although reactivation began before the water
table declined.

Moreover, the video showed that water continuously seeped out
of Model 1 and accumulated in the localized subsidence area during
the model test, which agreed with the pore pressure results shown in
Figure 4. The maximum height of the standing water was
approximately 0.5 cm. The standing water increased the water
content and plasticity of the shallow soils, allowing the model to
become deformed without cracking or fracturing. After the
centrifuge stopped rotating, the water on the model surface
infiltrated down, facilitating ground fracture propagation. This is
why the ground rupture in the photo (Figure 5D) was more
significant than that in the video screenshot (Figure 6).

The vertical displacements of the Model 1 surface were
monitored by seven laser displacement sensors (LD1~LD7). The
LD1 and LD2 sensors monitored the footwall displacement, the
LD3 and LD4 sensors monitored the fault zone displacement, and
the LD5~LD7 sensors monitored the hanging wall displacement.
Their locations are shown in Figure 3B.

The results shown in Figure 7 proved that the laser displacement
sensors performed well during the test. The vertical displacements of

FIGURE 7
Vertical displacements of the Model 1 surface, monitored by the laser displacement sensors. (A) Displacements in the whole test period. (B)
Incremental displacements when the centrifugal acceleration was 100 g (t≥2,117 s). (C) Incremental displacements when the water table was declining
(t≥2,350 s).
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the Model 1 surface increased with regularity, and no runtime error
occurred. The variations in the vertical displacements of the Model
1 surface were primarily controlled by the centrifugal acceleration
but were also influenced by the water table decline (Figure 7A). The
subsidence of the model ranged from 17.69 to 36.36 mm. The pre-
existing fault zone and part of the hanging wall experienced the most
significant deformation, whereas the edges of the model, which were
far from the fault zone, deformed by less than half. This result agreed
with the photos taken after the model test (Figure 5) and the video
screenshots at t=3,613 s (Figure 6).

The monitored vertical displacements verified that the uneven
deformation of Model 1 was reactivated by the water table decline.
After the centrifugal acceleration was maintained at 100 g
(t≥2,117 s), the increase rate of the vertical displacement initially
slowed and then suddenly accelerated after the water table began to
decline (t=2,350 s), as shown in Figure 7B. During the water table
decline, the incremental vertical displacement ranged from 2.16 mm
to 3.71 mm (Figure 7C). The fault zone and part of the hanging wall
still experienced more significant deformation than other places.
The fault zone subsided most intensely, based on the LD3 and
LD4 sensors obtaining the largest displacement (Figure 7C), due to
its higher permeability coefficient, which facilitated the pore
pressure decrease during this period. This was unlike the
subsidence pattern before the water table declined and proved
the substantial effect of groundwater pumping on the model
deformation.

5.2 Model 2

Model 2 had a similar structure to Model 1 except that the
hanging wall and footwall were made of sand (Figure 3A). The
model test lasted for 4,681 s, and the procedure still contained five
stages of centrifugal acceleration increase (20 g, 40 g, 60 g, 80 g, and
100 g). The acceleration reached 100 g at 2,130 s. Subsequently, the
centrifuge rotated at a constant speed until 4,681 s.

Three water table decline times were designed and implemented
in Model 2. Specifically, the water inlet valve of Tank 1 was turned
on three times and turned off twice based on the monitoring results
from the PP5 transducer in Tank 2 and the LD1~LD7 sensors. The
first turning on of the valve was at 2,718 s, and then the water table
declined from a height of 35 cm. When the water table dropped to
23 cm, as calculated using the pore pressure of the PP5 transducer
according to Eq. 2, the valve was turned off for hundreds of seconds
to allow the model deformation to stabilize. In the periods of
3,143–3,441 s and 3,615–4,681 s, the valve was turned on again,
and the water table declined from 23 cm to 12 cm, respectively. The
last time, the water table declined until the end of the model test.

The locations of the PP1~PP5 transducers in Model 2 were
identical to those in Model 1 (Figure 3B). Similarly, the monitoring
results showed that the pore pressure variation was closely
associated with the centrifugal acceleration increase and the
water table decline, as shown in Figure 8. When the acceleration
reached 100 g (t=2,130 s), the pore pressures of the
PP1~PP5 transducers became 343 kPa, 245 kPa, 147 kPa, 49 kPa,
and 343 kPa. The water inlet valve of Tank 1 in Model 2 was turned
on three times at various intervals to simulate three stages of water
table decline. Correspondingly, the pore pressures of the

PP1~PP5 transducers decreased after t=2,718 s. During the first,
second, and third water table declines, the values of the PP4, PP3,
and PP2 transducers reached the minimum values, respectively. The
PP1 and PP5 transducers had substantially identical variations in the
pore pressures. At t=4,097 s, the water table of Model 2 tended to be
stable in view of the decreasing rate of the pore pressure of the
PP1 and PP5 transducers, which had become 0.01 kPa/s.

Model 2 had essentially constant pore pressures when the
centrifugal acceleration was maintained at a specific value and
the water inlet valve was turned off, which was different from the
results in Model 1. This result indicated that water did not flow to
the surface of Model 2 during the compaction of the unconsolidated
soils. The reason was that Model 2, made of sandy materials, had a
high permeability coefficient favorable for water infiltration.

Model 2 subsided 0.2–3 cm, accompanied by slight horizontal
movements oriented toward the pre-existing fault zone, after the
test, measured using the measuring tape and wooden displacement
markers (Figure 9). The fault zone and surrounding areas, especially
the hanging wall, experienced the most significant deformation,
leading to localized subsidence forming on the model surface. The
localized subsidence roughly covered an area of 34.5 cm × 40 cm,
and the boundaries were very clear (Figures 9C, D). Models 2 and
1 had similar deformation patterns, whereas the subsidence degree
and the scale of the localized subsidence in Model 2 were smaller
than those in Model 1.

At the boundary of the localized subsidence area, ground
rupture formed and propagated along the pre-existing fault zone
with a length of 40 cm, passing through all of Model 2. The right side
of the ground fracture, where the fault zone dipped toward, subsided
much more severely than the left side. The largest vertical offset was
approximately 2.5 cm. Thus, the pattern of pre-existing normal fault
reactivation occurred again in the model test, and it was more
evident in Model 2 (Figures 9C, D) than in Model 1 (Figures 5C, D).
These results agreed with our previous numerical simulations
regarding earth fissures in the Beijing Plain, China (Wan et al.,
2021). Moreover, similar to Model 1, a series of arc-shaped cracks
formed close to the boundary of the localized subsidence. They
surrounded the center of the model where the water inlet valve was
buried, indicating that the cracks were, unlike ground fracture,
controlled by the location of groundwater pumping.

The uneven subsidence and ground fracture in Model 2 were
more significant than those in Model 1 because the model materials
of the hanging wall and footwall were replaced by sand in Model 2,
which had a higher compression modulus (Table 2). The
unconsolidated soils of the hanging wall and footwall in Model
2 therefore slightly compacted under the same water table decline
conditions. Meanwhile, the fault zones in Models 1 and 2 deformed
to similar degrees due to their identical material properties. Thus,
the uneven subsidence became more significant in Model 2, and
then, the ground fracture propagated through the whole model.

The mechanical behavior of Model 2 was recorded by two digital
cameras installed in front of and above the model box. The video
showed that dramatic localized subsidence and extensive ground
fracture formed before the groundwater declined (t<2,718 s), and
the uneven deformation intensified after the water table fell
(Figure 10). The pumping-induced subsidence was more evident
in the fault zone and adjacent hanging wall, whereas it was very
slight in the footwall, as measured by using the reference lines on the
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screenshots of the video. These results recorded by cameras for
Models 1 and 2 proved that the pre-existing normal fault zone would
be reactivated by human activity, especially in the shallow layers.

The LD1~LD7 laser displacement sensors installed above the
model box, shown in Figure 3B, monitored the vertical
displacements of the top surface of Model 2 during the model
test. The monitoring results showed that the vertical displacements
varied with the increase in the centrifugal acceleration and the
decrease in the pore pressures, and evident subsidence only
occurred in the pre-existing fault zone and the adjacent hanging
wall (Figure 11A). The largest subsidence was 32.72 mm, measured
by the LD4 sensor, and the smallest was 2.72 mm, measured by the
LD1 sensor. Namely, the vertical surface offset reached 30 mm in
Model 2. These monitoring results agreed with the photos in
Figure 9 and the video screenshots in Figure 10.

The monitored displacements showed that the pre-existing fault
zone in Model 2 was evidently reactivated by the water table decline.
As shown in Figure 11B, the model deformation approached the end
soon after the centrifugal acceleration reached 100 g. However, the
nearly stable situation was readily disturbed when the water inlet

valve of Tank 1 was opened. The vertical displacements from the
LD4 and LD5 sensors dramatically changed due to the water table
decline, whereas the displacements at other locations of Model
2 slightly increased. A displacement decrease occurred twice in
the LD5 records because of the horizontal movements of the
sand grains on the model surface, as shown in the photos
(Figure 9) and video screenshots (Figure 10). The incremental
displacements during t≥2,718 s ranged in 0.27–3.18 mm
(Figure 11C). Then, the hanging wall subsided 2.91 mm relative
to the footwall, which was more significant than the result in Model
1 (Figure 7C). The dramatic pumping-induced subsidence of the
hanging wall, behaving similar to normal faulting, indicated that the
pre-existing fault zone in Model 2 had been reactivated.

Furthermore, the three water table decline times induced
different degrees of normal fault reactivation in Model 2
(Figure 11C), although they had similar height drops. The water
table first dropped from 35 cm to 23 cm in the model, then from
23 cm to 12 cm, and lastly from 12 cm to approximately 0. The
vertical displacements of the hanging wall adjacent to the fault,
shown in the LD4 and LD5 curves, soared during the first decline

FIGURE 8
Variation in the centrifugal acceleration andmonitoring results of the pore pressure transducers. The locations of the PP1~PP5 transducers in Model
2 are shown in Figure 3B.
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and evidently increased during the second decline. In contrast, the
increase rate was less marked during the last decline. Thus, the
uneven deformation of Model 2 mainly occurred in the first two

water table declines, indicating that groundwater overexploitation in
shallower faulted layers may be more susceptible to fault reactivation
and ground fracture formation.

FIGURE 9
Deformation and failure patterns of Model 2. (A) and (B) Model 2 before the centrifuge model test. (C,D) Model 2 after the centrifuge model test.

FIGURE 10
Monitoring results of two high-definition digital cameras from the front and top views of Model 2. L0~L7 and LA~LB on the images are the codes of
the horizontal reference lines. LD2~LD5 are the codes of the laser displacement sensors, and the red dots in the black circles mark the monitoring
locations.
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6 Discussion

6.1 Deformation pattern in the faulted land
due to groundwater exploitation

Two centrifuge model tests were conducted under nearly
identical experimental conditions in this study to simulate the
process of uneven ground deformation and fault reactivation in
faulted lands triggered by groundwater pumping. The model test
results displayed the generation of a new ground fracture along
the pre-existing fault zone with localized subsidence of the
hanging wall, which occurred before the water table declined
but was substantially promoted by pumping. When the
centrifugal acceleration was maintained at 100 g, the decrease
in the model deformation rate was sharply reversed by the start of
the water table decline, based on the video records and vertical
displacement variations during the tests. The test results showed
that the deformation pattern in the faulted land did not respond

to variations in the material properties of the sedimentary soils
constituting the hanging wall and footwall.

The shallow part of the pre-existing normal fault was reactivated
in the model test, which resulted in uneven surface deformation and
new ground fracture formation (Figure 12). The new fractures were
long and straight due to the control of the fault zone lying beneath,
unlike the common short cracks formed adjacent to pumping-
induced surface subsidence boundaries. The surface subsidence of
the hanging wall was much more significant than that of the
footwall, indicating that the models experienced uneven
subsidence. The significant subsidence was mainly in a localized
area, and the scale may be influenced by the depression cone and the
pre-existing fault zone. The normal faulting occurring in the faulted
models was inherited from the pre-existing normal fault but less
related to the location of the pumping well, which has been verified
by our previous numerical simulations (Wan et al., 2021).

The water table decline process was broken down into three
intermittent steps in the Model 2 test to gain a deeper understanding

FIGURE 11
Vertical displacements of the Model 2 surface, monitored by laser displacement sensors. (A)Displacements in the whole test period. (B) Incremental
displacements when the centrifugal acceleration was 100 g (t≥2,130 s). (C) Incremental displacements beginning at the first water table decline
(t≥2,718 s). The numbers ①, ②, and ③ with light purple bands indicate the first, second, and third water table declines in the model test, respectively.
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of the rapid response of fault reactivation to groundwater pumping.
The results showed that the subsidence of the hanging wall was
immediately aggravated after every time the water table declined,
indicating the intensification of normal faulting. Nevertheless, the
response was attenuated in proportion to the cumulative height drop
of the water level. During the last decline, the water table dropped
from a height of 12 cm with a corresponding but nonsignificant
increase in hanging wall subsidence. This finding suggested that
pumping in shallow faulted layers could be more prone to normal
fault reactivation.

6.2 Effects of the properties of sedimentary
soils

The magnitude of the reactivated normal faulting, instead of the
model deformation pattern, was influenced by the material
properties of the sedimentary soils. In Model 1, the total vertical
offset was 18.67 mm, equal to the maximum displacement of
36.36 mm minus the minimum of 17.69 mm; the vertical offset
after the water table declined was 1.55 mm, equal to the maximum
incremental displacement of 3.71 mm minus the minimum of
2.16 mm. In contrast, in Model 2, the total vertical offset reached
30.00 mm (32.72 mmminus 2.72 mm), and the vertical offset caused
by pumping was 2.91 mm (3.18 mm minus 0.27 mm). Evidently,
Model 2 experienced more severe normal faulting thanModel 1, and
the new ground fracture formed along the pre-existing normal fault
in Model 2 was thus much longer and wider. The main reason was
that the sands in Model 2 had a compression modulus more than
twice that of the clay in Model 1, which resulted in the footwall of
Model 2 having negligible subsidence. Moreover, the reactivated
faulting magnitude in Model 1 was also restricted by the low
permeability of clay. This increased the difficulty of water
pressure dissipation, and as a result, the development of
pumping-induced deformation was limited.

6.3 Mechanism of normal fault reactivation

Anderson (1905), Anderson (1951) proposed a faulting theory,
which is widely recognized today, to explain the mechanisms of
three basic types of faulting. It is based on the assumption that there
is no shear on the Earth’s free surface; thus, one principal stress
direction is vertical, and the other two are horizontal. In this theory,

normal dip-slip faults only occur when the maximum principal
stress is vertical, and the intermediate and minimum principal
stresses are horizontal.

Our centrifuge model tests satisfied the aforementioned
assumption. During the test, the increased centrifugal acceleration
caused a surge of pressure in the vertical direction perpendicular to
the surface of Models 1 and 2. The maximum principal stress,
accordingly, became vertical, and the intermediate and minimum
principal stresses became horizontal (Figure 13A). This stress state
conformedwith Anderson’s normal faultingmodel. As a result, the pre-
existing normal fault was reactivated, accompanied by localized
subsidence of the hanging wall. The pumping-induced water table
decline in the further test steps increased the effective stress, leading to
the addition of vertical stress and the resultant intensification of normal
faulting (Figure 13B). These results revealed that the normal fault
reactivation in the model testing and the actual normal fault
formation basically have identical mechanisms in that both are
triggered by the vertical stress addition. Furthermore, groundwater
pumping would cause normal fault reactivation due to the appropriate
principal stresses, similar to tectonic movement, except that the
reactivation progress caused by human activity is largely limited to a
localized area.

6.4 Novelty and limitations

The entire process of pumping-induced normal fault reactivation in
faulted lands was distinctly displayed in this study using the centrifuge
model test method. It was characterized by small-scale normal faulting
of models in which the hanging wall subsided with new fault scarp
formation. The results from Models 1 and 2, which consisted of
different materials, showed that the pre-existing fault zone governed
this model deformation pattern. The material properties of the hanging
wall and footwall only exerted an influence on the deformation degree.
Thus, we believe that the normal faults contained in Quaternary
aquifers, aquitards, or even their combinations would be reactivated
by groundwater exploitation.

In the faulted basin of Querétaro, Mexico, at least 16 casings of
pumping wells were believed to be ruptured due to pumping-
induced fault reactivation (Carreon-Freyre et al., 2016; Ochoa-
González et al., 2018). A similar phenomenon in which new
ground fractures formed and vertically dislocated the surface
along pre-existing normal faults also occurred in the northern
Beijing Plain, China, which has been surveyed (Wan et al., 2020;

FIGURE 12
Pattern of pumping-induced subsidence and normal fault reactivation based on the results of the centrifuge model tests.
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Wan et al. 2021; Wan et al. 2022). In this paper, our findings
confirmed the hypothesis that normal fault reactivation can be
triggered by groundwater withdrawal. We reproduced the
pumping-induced normal fault reactivation characterized by
localized hanging wall subsidence with new fault scarp formation
in the models. The maximum vertical offset was 18.67 mm in Model
1 and 30.00 mm in Model 2. This is acceptable because not all the
model subsidence occurred after the centrifugal acceleration reached
100 g. Furthermore, the reactivation mechanism was explained
based on Anderson’s faulting theory. Activation and reactivation
of normal faulting would occur once the maximum principal stress
is vertical and the intermediate and minimum principal stresses are
horizontal. The driving force was mainly contributed by gravity.
Therefore, the sharp increase in effective stress in the soils caused by
the water table decline resulted in the addition of vertical stress and
finally led to normal fault reactivation. These findings not only
provide a better understanding of human interactions with the
Earth’s surface but also prove the necessity of reducing or
avoiding large withdrawals in faulted basins, especially adjacent
to shallowly buried normal fault zones, which is helpful for
preventing faulting disasters.

We not only discussed the displacement increase after the
centrifugal acceleration was maintained at 100 g but also
analyzed the acceleration variation part because it verified the
authenticity of our model test. A large proportion of model
deformation inevitably occurred before the centrifugal
acceleration reached 100 g, which may influence the final
conclusions. Thus, the discussion of the acceleration variation
was essential and could not be ignored.

The self-consistent monitoring results, including the centrifugal
accelerations, pore pressures, real-time videos, and vertical
displacements, verified the accuracy and reliability of our study.
Nevertheless, the model tests had one limitation—precise regulation
of the initial compaction degree of the soils in the small-scale model box
was difficult, which led to the occurrence of normal faulting in Models
1 and 2 ahead of schedule. Inadequate compaction of the model soils
was inevitable due to the considerable gap between human efforts in
normal gravity (1 g) conditions and the power of 100 g acceleration.
Thus, even if the soils were more highly compacted, normal fault
reactivation would still probably occur before the water table declined.
Moreover, the human power used in the compaction had to be limited

to avoid unexpected damage to the buried electronics and wires. Even
so, the model test results are acceptable. The increased hanging wall
subsidence induced by groundwater pumping was not slight but
sufficiently evident in the video records and vertical displacement
curves due to the enlargement effects according to the scaling laws
of the geotechnical centrifuge model test.

7 Conclusion

The process of pumping-induced normal fault reactivation in
faulted lands was simulated and analyzed using the geotechnical
centrifuge model test method based on a real case occurring in the
northern Beijing Plain, China. The key findings of this study are as
follows:

(1) Groundwater pumping partly reactivated the pre-existing
normal fault in the models, characterized by localized
subsidence of the hanging wall and new ground fracture
formation along the pre-existing fault zone. This deformation
pattern did not respond to variations in the material properties
of the hanging wall and footwall.

(2) The properties of the sedimentary layers influenced the
magnitude of the reactivated normal faulting. The maximum
vertical offset was 18.67 mm inModel 1 and 30.00 mm inModel
2, indicating that Model 2 experienced more dramatic normal
faulting than Model 1. This resulted from the Model 2 footwall
subsiding negligibly, and the root cause was that the sands in
Model 2 had a much larger compression modulus.

(3) The reactivation and original formation of normal faulting were
mainly triggered by gravity when the maximum principal stress
became vertical and the intermediate and minimum principal
stresses became horizontal. Groundwater pumping increased
the effective stress, leading to the addition of vertical stress and
the resultant normal fault reactivation.

In conclusion, groundwater pumping would reactivate the pre-
existing normal fault in faulted lands in a localized area, regardless of
the effect of the material properties of the hanging wall and footwall. The
reactivationmechanismwas revealed and explained based onAnderson’s
faulting theory. Our results provide a better understanding of human

FIGURE 13
Stress state of the models in the tests and mechanism of normal fault reactivation. σ1, σ2, and σ3 are the maximum, intermediate, and minimum
principal stresses, respectively. ΔP is the incremental stress. Yellow and brown blocks represent different sedimentary layers to distinguish the dislocation.
(A) Stress state after the centrifugal acceleration increased. (B) Stress state after the water table declined.
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interactions with the Earth’s surface, and accordingly, we recommend
adequately reducing or avoiding largewithdrawals adjacent to a shallowly
buried normal fault zone to prevent faulting disasters.
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